The human transferrin receptor (hTfR) is a target for cancer immunotherapy due to its overexpression on the surface of cancer cells. We previously developed an antibody-avidin fusion protein that targets hTfR (anti-hTfR IgG3-Av) and exhibits intrinsic cytotoxicity against certain malignant cells. Gambogic acid (GA), a drug that also binds hTfR, induces cytotoxicity in several malignant cell lines. We now report that anti-hTfR IgG3-Av and GA induce cytotoxicity in a new broader panel of hematopoietic malignant cell lines. Our results show that the effect of anti-hTfR IgG3-Av is iron-dependent whereas that of GA is iron-independent in all cells tested. In addition, we observed that GA exerts a TfR-independent cytotoxicity. We also found that GA increases the generation of reactive oxygen species that may play a role in the cytotoxicity induced by this drug. Additive cytotoxicity was observed by simultaneous combination treatment with these drugs and synergy by using anti-hTfR IgG3-Av as a chemosensitizing agent. In addition, we found a concentration of GA that is toxic to malignant hematopoietic cells but not to human hematopoietic progenitor cells. Our results suggest that these two compounds may be effective, alone or in combination, for the treatment of human hematopoietic malignancies.
Introduction
Iron is an important cofactor of enzymes that participate in cellular metabolism including those of the respiratory chain and DNA synthesis. 1 Iron associated with transferrin is internalized by cells through transferrin receptor (TfR)-mediated endocytosis. 2 The TfR family consists of TfR1 (CD71) and TfR2, which are type II transmembrane glycoproteins. TfR1 is expressed at different levels on the surface of most normal cells in which the majority show low TfR1 expression level. 2 However, dividing cells such as basal epidermis and intestinal epithelium cells express high levels of TfR1. 2 In contrast, although TfR2 mRNA is present in different tissues, 3 the TfR2 protein is limited to hepatocytes and enterocytes of the small intestine. 2, 4 As cancer cells require large amounts of iron to maintain their high rate of cell proliferation, TfR1 is overexpressed on their surface. 2 The TfR1 overexpression in malignant cells, its ability to internalize and its central role in the cellular pathology of human cancer make this receptor an attractive target for the therapy of cancer. 2, 5 TfR has been targeted by monoclonal antibodies that either induce cytotoxicity 2 or are used for drug delivery. 5 Our group developed earlier an antibody fusion protein that specifically recognizes hTfR1 and is composed of chicken avidin, genetically fused to the C H 3 domain of a mouse/human chimeric IgG3 (anti-hTfR IgG3-Av, Figure 1a ), to be used as a universal delivery system of biotinylated drugs into cancer cells. [6] [7] [8] Unexpectedly, we discovered that this fusion protein exhibits a significant intrinsic cytotoxicity against certain hematopoietic malignant cell lines compared with the antibody alone (anti-hTfR IgG3). 6, 7, 9 Anti-hTfR IgG3-Av disrupts TfR recycling and redirects it into the lysosomes where it is presumably degraded, promoting iron starvation and the induction of apoptosis that can be blocked by iron supplementation. 7, 9 As avidin is a non-covalent tetrameric protein, the presence of two avidin moieties in anti-hTfR IgG3-Av favors the dimerization of this fusion protein. 6 Although the structural requirements responsible for the cytotoxicity of antihTfR IgG3-Av are still unclear, the activity of this fusion protein is considered to be, at least in part, due to its dimeric structure ( Figure 1a ). 7 We have recently shown that anti-hTfR IgG3-Av conjugated to biotinylated saporin (b-SO6), a plant toxin of Saponaria officinialis, increases its cytotoxicity in malignant cells and more importantly, overcomes the resistance of cells to the fusion protein alone. 9 In addition, as anti-hTfR IgG3-Av specifically binds hTfR1 (not hTfR2), this antibody fusion protein delivers b-SO6 into cells that express hTfR1. 8 Therefore, the fusion of avidin to anti-hTfR IgG3 results in a relevant tool that can be used in cancer immunotherapy as it elicits cytotoxic effects by itself and can also deliver biotinylated cytotoxic compounds such as b-SO6 into cancer cells that overexpress hTfR1.
We are also interested in the effect of the combination of antihTfR IgG3-Av with non-biotinylated cytotoxic drugs. We have focused on gambogic acid (GA) as it can also bind hTfR. 10 GA is a xanthone isolated from a resin obtained from the Garcinia hanburyi tree that is used in oriental traditional medicine (Figure 1b) . 11 GA induces cytotoxicity in malignant epithelial cell lines and also in malignant hematopoietic cell lines such as JURKAT and HL-60 cells. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] GA can also inhibit the growth of human lung carcinoma and hepatoma xenografts in nude mice. 21 This drug blocks hTfR internalization and induces cytotoxicity in an iron-independent manner in JURKAT cells. 10 When hTfR is downregulated by RNA interference, the effect of GA is decreased suggesting that this drug induces cytotoxicity through hTfR. 10, 22 As anti-hTfR IgG3-Av and GA have shown cytotoxicity to certain malignant cells, the first objective of this study was to evaluate the cytotoxicity of anti-hTfR IgG3-Av and GA in a broader panel of human hematopoietic malignant cell lines including leukemia, lymphoma and multiple myeloma cells.
The second objective was to analyze the role of iron and hTfR in the anti-hTfR IgG3-Av-and GA-mediated cytotoxicity. The third and last objective was to evaluate the effect of the combination of both agents to determine if their potential therapeutic use could be increased. Here, we report the cytotoxicity of anti-hTfR IgG3-Av and GA alone or in combination in a variety of malignant hematopoietic cell lines. The toxic effects of either agent alone or in combination on normal hematopoietic progenitor cells were also evaluated.
Material and methods

Antibodies, antibody fusion protein and gambogic acid
The mouse/human chimeric anti-hTfR IgG3-Av was described earlier [6] [7] [8] [9] and consists of chicken avidin fused to the C H 3 domains of human IgG3 (Figure 1a ). This fusion protein was expressed in murine myeloma cells, purified and characterized as described earlier. 6, 7, 23 Phycoerythrin-conjugated anti-human CD71 (PE anti-hCD71) and its isotype control (phycoerythrinconjugated mouse IgG2a k) were purchased from BD Pharmigen (BD Bioscience, Franklin Lakes, NJ, USA). GA was purchased from BIOMOL International L.P (MW: 628.75; Plymouth meeting, PA, USA).
Cell lines
The human cell lines, JURKAT (acute T-cell leukemia), HL-60 (acute promyelocytic leukemia), IM-9 (EBV-transformed B-lymphoblastoid), U266 (multiple myeloma), RAMOS (American Burkitt's lymphoma), RAJI and HS-SULTAN (Burkitt's lymphoma) were purchased from ATCC (American Type Culture Collection, Manassas, VA, USA). The cell lines were maintained in RPMI 1640 medium (Invitrogen Corporation, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA) and cultured at 37 1C in 5% CO 2 . IM-9 and U266 cell lines were used as controls of highly sensitive and resistant cells to antihTfR IgG3-Av-induced cytotoxicity, respectively. 7,9 JURKAT and HL-60 cell lines were used as positive controls 10 to compare the cytotoxicty of GA in cells not tested earlier.
CHO-TRVb-hTfR1 cells (a cell line that only expresses hTfR1) and CHO-TRVb-neo cells (a cell line transfected with the empty neomycin vector) are derived from CHO-TRVb cells, a TfRdeficient mutant Chinese hamster ovary (CHO) cell line, 24 were kindly donated by Dr H Phillip Koeffler of Cedars Sinai Medical Center, Los Angeles, CA, USA. The CHO cell lines were cultured in F-12 (Hams' medium; Invitrogen) medium supplemented with 10% fetal bovine serum plus 1 mg/ml G418 antibiotic as a selectable marker (Invitrogen). Cell images were captured using a Zeiss Axivovert 40 CFL PlasDIC Inverted Microscope using a Â 20 objective (Mikron Instruments Inc, San Marcos, CA, USA) and a Canon PowerShot A620 digital camera (Mikron Instruments Inc.).
Detection of TfR1 by flow cytometry
Chinese hamster ovary (CHO) cells and hematopoietic cells (4 Â 10 5 ) were incubated with phycoerythrin-conjugated antihuman CD71 (anti-hTfR1) or with the isotype control antibody phycoerythrin-conjugated mouse IgG2a k for 15 min on ice in 0.5% bovine serum albumin and 2 mM ethylenediaminetetraacetic acid phosphate-buffered saline. Cells were washed and fixed with 4% paraformaldehyde in phosphate-buffered saline. Cells were analyzed on a FACScan Analytic Flow Cytometer (BD-Bioscience). Data were analyzed using the WinMDI 2.8 software (The Scripps Research Institute, La Jolla, CA, USA).
Evaluation of cytotoxic effects Proliferation assay. The antiproliferative effects induced by either anti-hTfR IgG3-Av or GA were measured by the [ 3 H]-Thymidine incorporation assay as described earlier. 9 Cells were incubated with anti-hTfR IgG3-Av or GA for the indicated times, then harvested and the radioactivity was counted as described earlier. 9 Negative controls for each agent were tested in each experiment and included their diluents, buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.8) for anti-hTfR IgG3-Av or dimethylsulfoxide (DMSO) for GA. The amount of buffer or DMSO added in control treatments was consistent with the Evaluation of the cytotoxic effect induced by the combination of anti-hTfR IgG3-Av and GA. The effect of the simultaneous combination or the chemosensitization treatments of anti-hTfR IgG3-Av and GA was determined by isobolographic analysis as described. 25 For simultaneous treatments 0.31, 0.625, 1.25, 2.5, 5.0 and 10 nM anti-hTfR IgG3-Av plus 0.0375, 0.075, 0.15, 0.3 and 0.6 mM GA were incubated simultaneously at 37 1C for 48 h. In chemosensitization treatments, cells were pre-incubated with the same concentrations mentioned above of anti-hTfR IgG3-Av at 37 1C for 24 h, followed by the treatment with the same concentrations mentioned above of GA for additional 24 h. The additive effect is shown by the concentration of both agents represented by the points that lie on the straight line that connect the concentration of both agents required to produce a defined single-agent effect (concentration at which 90% of cells show inhibition of proliferation [IC 90 ]). The points that lie below or above the straight line represent the concentrations of both agents that produce synergistic or antagonistic effects, respectively.
Detection of intracellular reactive oxygen species generation
Cells treated with 0.3 or 1 mM GA for 6 h were co-incubated with or without 3 mM dithiotheritol (Invitrogen) or with or without 2000 U/ml catalase from bovine liver (Sigma-Aldrich, St. Louis, MO, USA) to block reactive oxygen species (ROS) induction. As a positive control, a sample of untreated cells was incubated with 100 mM tert-butyl hydroperoxide (Sigma) for 30 min at 37 1C. Cytotoxicity induced by anti-hTfR IgG3-Av and GA in hematopoietic malignant cells E Ortiz-Sánchez et al 7 0 -dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA: Invitrogen) in serum-free medium at 37 1C for 20 min. Cells were washed and analyzed by flow cytometry using FACScan Analytic Flow Cytometer (BD-Bioscience). Data were analyzed using the WinMDI 2.8 software (The Scripps Research Institute). The oxidation of CM-H 2 DCFDA is detected by the increase of fluorescence that is proportional to the amount of total intracellular ROS generated. The value of ROS generation is represented as the mean of relative fluorescence units.
Human colony forming assay
The human colony forming assay was performed to determine the effect of GA, anti-hTfR IgG3-Av or their combination on normal human hematopoietic progenitor cells as described earlier. 9 Human bone marrow mononuclear cells were purchased from StemCell Technologies (StemCell Technologies Inc., Vancouver, BC, Canada) and were plated in quadruplicate with diluent alone (buffer or DMSO: negative controls), GA (0.1, 0.3, 0.5 or 1 mM), anti-hTfR IgG3-Av (1 or 10 nM) or their combination. In total, 2 Â 10 4 cells were seeded per 35 mm dish in MethoCult GF H4434 ('Complete' Methylcellulose Medium with Recombinant Cytokines and Erythropoietin; StemCell Technologies). Cells were incubated for 14 days at 37 1C in 5% CO 2 following the instructions of the manufacturer.
The number of CFU-E (colony forming unit-erythroid, mature erythroid progenitors), BFU-E (burst forming unit-erythroid, more primitive progenitor than CFU-E), CFU-GM (colony forming unit-granulocyte/macrophage, more mature than CFU-GEMM) and CFU-GEMM (colony forming unit granulocyte/ erythroid/macrophage/megakaryocyte) was determined using an Olympus CK2 inverted microscope (Olympus America Inc., Center Valley, PA, USA) and the criteria defined by StemCell Technologies for each colony type.
Statistical analysis
The student's t-test was used to determine the significant differences in the data, using Microsoft Excel 2004 (Microsoft Co., Redmond, WA, USA). Po0.05 were considered to be significant.
Results
Cytotoxic effect of anti-hTfR IgG3-Av in hematopoietic malignant cell lines
We have reported earlier the cytotoxic effect of anti-hTfR IgG3-Av against myeloma and B-lymphoblastoid cell lines. 7, 9 To explore the cytotoxic effect of anti-hTfR IgG3-Av in a new broader panel of human hematopoietic malignant cell lines including leukemia and lymphoma cells, we first evaluated the expression level of hTfR1 on the surface of the cells. The anti-hTfR IgG-Av binds specifically to TfR1, 8 which is expressed on the surface of all hematopoietic cell lines used in this study (Supplementary Figure 1) . This fusion protein elicited a significant (P o 0.001) antiproliferative effect in all lymphoma and leukemia cell lines tested (Figure 2a) . It is important to note that although the IM-9 cell line has a lower TfR1-expression level compared with RAJI and HL-60 (Supplementary Figure 1) , IM-9 cells are highly sensitive to the fusion protein. Changes in cell morphology suggest that the treatment with anti-hTfR IgG3-Av induces cell death (Supplementary Figure 2) . Induction of cell death by anti-hTfR IgG3-Av was confirmed by an increase of apoptosis (Annexin V þ /PI À , early apoptotic cells; and Annexin V þ /PI þ , late apoptotic cells) in the panel of the cell lines tested with the exception of U266 cells that also express hTfR1 (resistant to the fusion protein as reported earlier 7, 9 ) (Figure 2b ). Different sensitivity levels of apoptosis ranging from 10 to 40% compared with buffer alone was observed, however, it is important to note that although the level of apoptosis induced by anti-hTfR IgG3-Av is low in some cancer cell lines, cells in the bottom left quadrant (Annexin V À /PI À ) show a shift to the right compared with buffer alone treated cells suggesting that the apoptosis has been initiated in most cells.
Cytotoxic effect of GA in hematopoietic malignant cell lines
The cytotoxic effect of GA, a drug that also binds hTfR1, 10 has been tested in several cancer cell lines. We analyzed the toxic effect of GA over a period of 72 h in the panel of malignant hematopoietic cell lines at concentrations below 1 mM used in previous studies. Figure 3a shows the dose-response of GA over time in IM-9 cells. Cells incubated with 0.3 mM GA, concentration chosen for subsequent experiments, for 48 h blocked 80-95% of the proliferation in all the cell lines tested including U266 cells (Figure 3b ), which are resistant to anti-hTfR IgG3-Av (Figure 2 ). At this concentration, GA also induces high levels of apoptosis ranging from 30 to 80% compared with the innocuous effect of DMSO alone in all cell lines (Figure 3c ), which was consistent with the morphological changes observed by the treatment with this drug (Supplementary Figure 2) .
Role of iron in the cytotoxicity induced by anti-hTfR IgG3-Av and GA
Previous studies from our group have shown that the cytotoxic effect of anti-hTfR IgG3-Av against the B-lymphoblastoid cell lines ARH-77 and IM-9 is mediated by iron starvation. 7, 9 To determine whether this is also the case in lymphoma and leukemia cell lines, we added exogenous iron using 25 mM ferric ammonium citrate plus the fusion protein in proliferation assays. The results showed that the cytotoxic effect of anti-hTfR IgG3-Av was blocked (Po0.001) by iron supplementation in all the cell lines that are sensitive to the fusion protein (Figure 4a ), confirming that the cytotoxic effect of anti-hTfR IgG3-Av in malignant hematopoietic cells is mediated by iron starvation. Using the same rationale, we tested the effect of iron on the cytotoxicty induced by GA. Iron supplementation did not block the GA-induced antiproliferative effect (Figure 4b ), demonstrating that the effect of GA is iron-independent.
GA cytotoxicity in the absence of the TfR
Previous studies have shown that GA targets hTfR1. 10, 22 Therefore, we explored the cytotoxicity of GA in CHO cells that do not express endogenous TfR (hamster) (CHO-TRVb neo) and in CHO cells that express exogenous hTfR1 (CHO-TRVb-TfR1) (Figure 5a ). Despite previous studies suggesting that the cytotoxic effect of GA is TfR-mediated, 0.3 mM GA blocks the proliferation (Figure 5b ) and induces apoptosis (Figure 5c ) of both TfR-negative and TfR1-positive CHO cell lines. The CHO cell lines treated with 0.3 mM GA showed less cell number and morphological changes such as the loss of adherence that are consistent with cell death (Figure 5d ).
GA induces ROS generation in hematopoietic cell lines
Structure-activity relationship analysis showed that the tricyclic ring and a,b-unsaturated ketone present in the structure of GA are relevant for its cytotoxicity. 10, 16 Therefore, the presence and putative activity of the a,b-unsaturated ketone suggests that GA can induce the generation of ROS, which can be signaling messengers that promote apoptosis. 26, 27 Using the cell permeant CM-H 2 DCFDA dye, we demonstrate that GA triggers the generation of ROS in a dose-dependent manner in U266 cells as shown by the significant increase of the relative fluorescence compared with cells treated with the control (Figures 6a and b) . To confirm the observed generation of ROS induced by GA, cells were co-incubated with catalase or dithiotheritol 
simultaneously. The co-incubation of GA with catalase, an enzyme that protects the cells from oxidative stress by breaking down hydrogen peroxide (H 2 O 2 ) into water and oxygen, significantly decreased the amount of ROS generated by GA measured directly by flow cytometry (Figure 6a and b) . In addition, the co-incubation of GA with dithiotheritol, a reducing agent that inhibits oxidative reactions, decreased the amount of ROS to basal levels (Figures 6a and b) . GA-induced apoptosis was partially blocked in U266 cells (Figure 6c ) as well as in IM-9, HL-60 and RAMOS cells (Supplementary Figure 3) by co-incubation with catalase. These findings suggest that the generation of ROS plays a significant role in the apoptosis induced by GA in malignant hematopoietic cells.
Anti-hTfR IgG3-Av enhances the cytotoxic effect of GA on malignant hematopoietic cell lines
As we demonstrated that both anti-hTfR IgG3-Av and GA induce cytotoxic effects in human malignant hematopoietic cells, we analyzed the effect of the combination of these drugs. The combination of both components showed an enhanced antiproliferative effect compared with either compound alone ( Figure 7 for IM-9 cells and Supplementary Table 1 for the panel of cell lines). All cells pre-treated with 10 nM anti-hTfR IgG3-Av, but not with 2.5 nM of the fusion protein, were more sensitive to the effect of GA (chemosensitization treatments, Figure 7a for IM-9 cells and Supplementary Table 1a Toxicity of GA and anti-hTfR IgG3-Av alone or in combination in human hematopoietic progenitor cells
As GA is highly toxic toward malignant hematopoietic cell lines, we explored the effect of this drug on normal hematopoietic progenitor cells to help determine the clinical relevance of GA as a potential treatment for human cancers. The effect of GA on progenitor cells was determined using the colony forming assay, which tests the ability of human progenitor cells to proliferate and differentiate into colonies in a semisolid medium. Table 1a shows that GA is not cytotoxic to human progenitor cells at concentrations p0.3 mM. However, although 0.5 mM GA is not toxic to most progenitor cells tested, this concentration induced a significant inhibition of the formation of CFU-GM and CFU-GEMM colonies. As 0.3 mM GA, a concentration toxic to cancer cells, is not toxic to human normal hematopoietic progenitor cells (Table 1a) , GA might not have an effect on hematopoiesis at certain therapeutic doses in vivo. The concentration used in various previous studies from other groups, 1 mM GA, 13, 15, [18] [19] [20] completely inhibits colony formation of all types (Table 1) indicating that GA at 1 mM or above is highly toxic to normal human hematopoietic progenitor cells. We also tested the cytotoxic effect of anti-hTfR IgG3-Av on progenitor cells. AntihTfR IgG3-Av showed dose-dependent toxicity on the progenitor cells in which 1 nM anti-hTfR IgG3-Av was toxic to erythroid progenitor cells (CFU-E and BFU-E) as well as CFU-GM and CFU-GEMM (Po0.001). 10 nM anti-hTfR IgG3-Av was toxic to all colony types (Po0.001). The combination of 10 nM anti-hTfR IgG3-Av with 0.3 mM GA, the maximum concentrations used in all combination treatments, also demonstrates toxicity that appears to be due to the effects of anti-hTfR IgG3-Av as the results of the combination treatments are not significantly different from those of anti-hTfR IgG3-Av alone, with the exception of CFU-GM colonies, which are more sensitive to the combination of both agents. However, we still observed colonies of cells treated with anti-hTfR IgG3-Av and GA. Cytotoxicity induced by anti-hTfR IgG3-Av and GA in hematopoietic malignant cells E Ortiz-Sánchez et al
Discussion
Initially, anti-hTfR IgG3-Av was developed by our group as a universal drug delivery system. 6, 8, 9 Our previous studies in multiple myeloma (MM. 1S, S6B45, OCI-My5, 8226/S, 8226/ DOX40), B-lymphoblastoid (IM-9 and ARH-77), and K562 human erythroleukemia cell lines, demonstrated that anti-hTfR IgG3-Av elicits significant cytotoxic effects by itself. 6, 7, 9 In the present work, we demonstrate that anti-hTfR IgG3-Av is also cytotoxic to a broader variety of human malignant hematopoietic cells including leukemia (HL-60 and JURKAT) and B-cell lymphoma (RAMOS, HS-SULTAN and RAJI) cell lines. We found that this cytotoxicity is iron-dependent consistent with our previous reports using IM-9 and ARH-77 cells, 7, 9 suggesting that iron starvation may be a general mechanism of cytotoxicity induced by anti-hTfR IgG3-Av in human malignant hematopoietic Figure 7 The combination of anti-hTfR IgG3-Av and GA enhances the cytotoxic effects in IM-9 cells. IM-9 cells were treated as follows: (a) Chemosensitization treatments. For cytotoxocity induced by GA alone, cells were incubated for 24 h in medium alone followed by the incubation with 0.1 or 0.3 mM GA for additional 24 h; for the cytotoxicity mediated by anti-hTfR IgG3-Av, cells were incubated with 2.5 or 10 nM of the fusion protein alone for 48 h; for chemosensitization treatment combinations, cells were pre-incubated with 2.5 or 10 nM of anti-hTfR IgG3-Av alone for 24 h followed by the incubation with 0.1 or 0.3 mM GA for additional 24 , shows a mostly an additive effect of these drugs. The concentrations of each drug in the combination that produce the specified effect is expressed as a fractional inhibitory concentration (F.C.I.) that produce the same effect by the treatment with each drug alone. Points below and above to the straight line mean synergy or antagonism respectively. The additive effect is represented by the points that lie on the straight line. GA, gambogic acid; DMSO, dimethylsulfoxide.
Cytotoxicity induced by anti-hTfR
Even though all cell lines tested express significant levels of hTfR1, the variable sensitivity to anti-hTfR IgG3-Av did not correlate with the level of TfR1 cell surface expression. Studies from our group are now in progress to analyze this variable sensitivity described in this report and earlier. 7 Toxicity of antihTfR IgG3-Av on normal hematopoiesis (bone marrow mononuclear cells for a 14-day incubation) showed a cytotoxic effect as evidenced by a significant decrease in colony formation of all colony types tested. Our previous results showed that 1 nM antihTfR IgG3-Av does not have cytotoxic effects on human progenitor cells if they are treated for 1 h in liquid culture followed by washing to remove unbound fusion protein prior to the 14-day incubation in semi-solid medium required for colony formation. 9 The colony forming assay tests the toxicity of a compound on late progenitor cells, many of which express hTfR1 (CD71) at various stages of differentiation. 2, 28 Therefore, it is expected that anti-hTfR IgG3-Av would have an effect on these proliferating cells during the extended 14-day incubation period. The hematopoietic pluripotent stem cells and the early progenitor cells may be less or not sensitive to the fusion protein because these cells express low to no TfR. [28] [29] [30] [31] In fact, early progenitor cells are distinguished from late progenitor cells by surface antigen expression, including the lack of hTfR1 expression. 28, 29, 31 The low number of pluripotent cells in the bone marrow makes it difficult to study their sensitivity to antihTfR IgG3-Av. In this case, although anti-hTfR IgG3-Av had cytotoxic effects on committed progenitor cells, it is expected that they could be repopulated by their early counterparts. However, a transient myelosuppresion may be expected for the duration of the treatment in patients. Other anticancer drugs such as homoharringtonine and the aurora kinase inhibitor (VX-680), used for the treatment of hematopoietic malignances including leukemia and multiple myeloma, have shown a doseresponse cytotoxicity on human progenitor cells in vitro.
32-34
Immunogenicity of potential biological therapeutic agents such as antibodies and antibody fusion proteins is always a concern. In our case, to avoid the immune response that is often observed with the use of murine therapeutic monoclonal antibodies, anti-hTfR IgG3-Av was developed using human IgG3 and human kappa (k) light chain constant regions. In addition, the human Fc can elicit effector functions such as complement-dependent cytotoxicity and antibody-dependent cell-mediated cytotoxicty in patients. 35 The chicken avidin present in anti-hTfR IgG-Av is potentially immunogenic. However, avidin was used instead of the highly immunogenic bacterial protein streptavidin. 6, 35 The frequent exposure of humans to avidin by eating eggs, may decrease its immunogenecity compared with streptavidin, as it is known that oral antigens induce tolerance. 36 Consistent with this possibility, there is a report describing the use of avidin/ 111 Indium-biotin as an imaging method for diagnosis of prosthetic vascular graft infection. In this study, immunogenicity analysis showed that none of the 25 patients studied developed a human anti-avidin humoral response. 37 However, in case that anti-hTfR IgG3-Av induces an antibody response in patients, this response can be prevented by the use of rituximab (Rituxan, Genentech Inc., San Francisco, CA, USA and Biogen IDEC, San Diego, CA, USA), a therapeutic antibody used to treat B-cell non-Hodgkin's lymphoma, 38 which also depletes normal B cells and, therefore, the humoral immunity. 39, 40 Additionally, patients with hematopoietic malignances such as multiple myeloma and lymphoma show an impaired immune response; 41, 42 therefore, the immunogenicity of anti-hTfR IgG3-Av may not be an issue in these patients.
Previous reports have shown that GA binds hTfR1 10, 22 and blocks its internalization. 10 In addition, it has been reported that GA induces apoptosis in several types of cancer cells, including JURKAT and HL-60 cell lines. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] In this study, we demonstrate the cytotoxicity of GA on malignant hematopoietic cell lines including multiple myeloma, lymphoma and leukemia. Iron supplementation showed that the cytotoxic effect of GA was iron-independent, as previously described in JURKAT cells. 10 It is important to note that we observed a strong cytotoxic effect of GA using a lower concentration (0.3 mM GA) compared with those of previous studies conducted by other groups that used concentrations of at least 1 mM GA. Moreover, using human colony-forming assays, we found that 1 mM GA inhibits the growth of human hematopoietic progenitor cells. Thus, it is possible that the use of GA at concentrations at or above 0.5 mM Cytotoxicity induced by anti-hTfR IgG3-Av and GA in hematopoietic malignant cells E Ortiz-Sánchez et al would induce severe hematopoietic toxicity in patients. However, in this study we demonstrated that there is an effective concentration range, where GA can specifically induce apoptosis in malignant hematopoietic cells without toxicity to normal hematopoiesis. Toxicologic studies have demonstrated the innocuous effect of GA in rats, mice and dogs, [43] [44] [45] suggesting that GA can be a viable treatment option for multiple myeloma, lymphoma and leukemia in humans.
It has been suggested that GA induces cytotoxic effects through its ability to target hTfR1. 10, 22 In the present study, we show that GA induces cytotoxicity independent of cell surface TfR expression as demonstrated using CHO cells expressing hTfR1or not. Our results are consistent with several mechanisms of cytotoxicity mediated by GA such as the induction of cell cycle arrest in G2/M phase 19, 20 by the deregulation of CDK7 phosphorylation, a cell cycle kinase of the mitosis-promoting factor. 19 In addition, GA increases the level of Bax (a pro-apoptotic protein) and decreases the level of Bcl-2 (anti-apoptotic protein). 17, 20 GA also blocks the activity of the transcription factor NF-kB through inhibition of IkBa kinase 22 resulting in the induction of apoptosis. Moreover, GA reduces the expression of the human telomerase reverse transcriptase resulting in decreased telomerase activity, which is required to maintain malignant cell proliferation. 12, 18, 21 Therefore, GA can be considered to be a pleiotropic drug that induces cytotoxicity through multiple mechanisms.
The structure of GA shows the presence of an a,b-unsatured ketone (Figure 1b ) that has been shown to play an important role in the GA cytotoxicity. 10 As a,b-unsatured ketone groups are present in some drugs that induce apoptosis through the generation of ROS, 46, 47 we explored the possibility that the cytotoxic effects of GA could be also mediated through the generation of ROS. We found that GA increases the ROS generation in malignant hematopoietic cell lines. In addition, the effect of GA can be partially blocked by its co-incubation with catalase, an enzyme that decreases the presence of H 2 O 2 , a potent ROS. The partial protective effect of catalase is related to the specific break down of H 2 ), 27 which may be also generated by GA. As signaling messengers, ROS are involved in pathways that result in apoptosis. 26, 27, 48 It has been shown that ROS induce the oxidation of sulfydryl groups present in NF-kB, inhibiting its DNA-binding activity in vitro. [49] [50] [51] As we mentioned earlier, GA also inhibits the NF-kB activity by blocking its translocation to the nucleus. 22 As we demonstrated that GA induces ROS generation, we suggest that in addition to its ability to inhibit NF-kB translocation, GA can also block NF-kB activity through abolishing its DNA-binding activity resulting in cooperative mechanisms of GA-mediated apoptosis. Additionally, it has been reported that GA-mediated apoptosis involves the mitochondrial pathway as evidenced by the release of cytochrome c, 10 which can be related with the ability of ROS to induce mitochondrial membrane permeability that results in the release of pro-apoptotic proteins such as apoptosis inducing factor, caspase activators (Smac/DIABLO) as well as cytochrome c. 48 Taken together, our results suggest that the generation of ROS by GA is an additional mechanism involved in the strong cytotoxic effect of this drug in cancer cells.
Previous studies demonstrated that anti-hTfR IgG3-Av disrupts the cycling of hTfR1 leading to its degradation, 7 in contrast with GA, which has been reported to block the internalization of hTfR1. 10 Despite the potential antagonist effect of these agents, the simultaneous combination of anti-hTfR IgG3-Av and GA enhances their cytotoxicity mainly by an additive effect in the panel of cells tested, including U266 that is resistant to anti-hTfR IgG3-Av alone, which can be explained by the multiple mechanisms of GA to induce cytotoxicity including ROS generation. The incomplete blocking effect of iron supplementation showed the partial role of this fusion protein in the additive cytotoxic effect. The simultaneous combination treatment shows an enhancement of the cytotoxicity on CFU-GM progenitor cells compared with the fusion protein alone. Even though the simultaneous combination treatment resulted in fewer CFU-E and BFU-E colonies than those of anti-hTfR IgG3-Av alone this variation was not significantly different, suggesting that the cytotoxicity observed by the combination of anti-hTfR IgG3-Av and GA is mostly due to the effect of the antibody-avidin fusion protein alone. However, colonies are still formed with the treatment of the combination of anti-hTfR IgG3-Av and GA.
Some reports have shown that therapeutic antibodies, such as trastuzumab (Herceptin Genentech Inc.) and rituximab (Rituxan), induce chemosensitization of drug-resistant cancer Table 1 Cytotoxicity of gambogic acid, anti-hTfR IgG3-Av and their combination on human hematopoietic progenitor cells cells and thus can be used in combination with other antitumor agents to overcome drug resistance. [52] [53] [54] Although GA alone has a cytotoxic effect, the pre-treatment with anti-hTfR IgG3-Av can sensitize cells to the effect of GA through a synergistic cytotoxicity. In addition, iron supplementation confirms the role of anti-hTfR IgG3-Av in chemosensitization treatments, because of this fusion protein induces cytotoxicity in an iron-dependent manner, suggesting for the first time that the iron stress induced by anti-hTfR IgG3-Av can sensitize cancer cells to GA. These results suggest that in addition to the intrinsic cytotoxicity and delivery capabilities of anti-hTfR IgG3-Av, it may also be used as a chemosensitizing agent. However, this chemosensitizing effect of anti-hTfR IgG3-Av needs to be further explored using other chemotherapeutic agents to determine if this is a general phenomenon. In addition, owing to the universal delivery capability of anti-hTfR IgG3-Av, it can also be used to deliver drugs that are able to promote chemosensitization. In fact, a broad spectrum of therapeutics including antisense oligonuleotides and toxins have been successfully delivered into tumor cells by targeting TfR. 5 In summary, we have demonstrated the cytotoxicity of antihTfR IgG3-Av in new human malignant hematopoietic cell lines including leukemia and lymphoma cells through an irondependent mechanism. We also demonstrated the cytotoxic effect of GA in leukemia, lymphoma and multiple myeloma cells through an iron-independent mechanism. We show that GA can also induce cytotoxicity by a hTfR-independent mechanism. Moreover, we demonstrate that GA induces the generation of ROS, suggesting that oxidative stress is part of the mechanism of action of this pleiotropic drug. We also found a concentration of GA that is cytotoxic to malignant hematopoietic cells, but not to human hematopoietic progenitor cells. Importantly, additive cytotoxicity was observed with the simultaneous combination of anti-hTfR IgG3-Av and GA, and synergistic cytotoxicty in chemosentitization treatments, suggesting these combination strategies may be effective treatments for a wide variety hematopoietic malignances.
